The present study investigates the mechanism of endothelium-dependent relaxation of vascular smooth muscle. Melittin, a polypeptide found in honeybee venom and a known activator of phospholipase A 2 , induced transient, endothelium-dependent relaxations of rat thoracic aortae contracted with norepinephrine. Higher concentrations of melittin induced relaxations followed by contractions. Prior incubation of melittin with trypsin abolished the changes in relaxation and contraction due to melittin. Melittin (10 /xg/ml)-induced relaxations were associated with transiently elevated levels of cyclk GMP with a peak increase of 30-fold, which occurred 30 seconds after melittin exposure. Melittin (10 fig/mi) elevated cyclic AMP levels less than twofold and this effect was variable. A lower concentration of melittin (1 /Kg/ml) elevated cyclic GMP levels approximately twofold, while exposure to 1 /ig/ml melittin in the presence of the cyclic GMP phosphodiesterase inhibitor, M&B 22948 (1 mM), increased cyclic GMP levels fivefold. Removal of the endothelium prevented the increased levels of cyclic GMP and cyclic AMP due to melittin. Exposure to the guanylate cydase inhibitor, methylene blue, prevented the increased levels of cyclic GMP. Methylene blue, nordihydroguaiaretic add, and the phospholipase A 2 inhibitor, parabromophenacyl bromide, inhibited melittin-induced relaxations, while the cydooxygenase inhibitor, indomethadn, was without effect. Arachidonk add increased cyclic AMP levels but had no effect on cyclic GMP levels in the presence or absence of indomethadn. Relaxations to melittin, and to the endothelium-dependent vasodilators acetylcholine, trypsin, histamine, and the Ca 2+ ionophore A23187, and/or the assodated increased cyclic GMP levels, were reduced following exposure to melittin. Prior exposure to polyarginine (10 fig/m\) , which induced endothelium-dependent relaxations that were prevented by methylene blue, also inhibited relaxations to the endothelium-dependent vasodilators. In contrast, relaxations to sodium nitroprusside were potentiated in tissues previously exposed to melittin. Removal of the endothelium by rubbing the intimai surface also potentiated relaxations to sodium nitroprusside. Scanning electron micrographs of the intimai surface demonstrated that melittin and polyarginine greatly damaged the endothelial cells. The present results suggest that polycation containing peptides induce endothelium-dependent relaxation through elevation of cyclic GMP levels within the smooth musde. Furthermore, these peptides may desensitize tissues to endothelium-dependent vasodilation by causing damage to the endothelial cells. (Circulation Research 1989;64:463-473) 
included the observations that inhibitors of phospholipase A 2 , such as quinacrine and parabromophenacyl bromide, inhibited endotheliumdependent relaxations, and that the Ca 2+ ionophore A23187, which activates phospholipase A 2 , induced endothelium-dependent relaxation. 2 While this report was submitted, more evidence in support of this hypothesis was obtained from studies in which melittin was used. Melittin, a polypeptide found in honeybee venom, 3 which is known to activate phospholipase A 2 and/or release arachidonic acid, 4 -6 induced endothelium-dependent relaxation of rat 7 and rabbit aorta. 8 -10 The relaxation was prevented by inhibitors of phospholipase A 2 and lipoxygenase, but not by cyclooxygenase inhibitors. 8 -10 Melittin also released arachidonic acid, as shown by the formation of the arachidonic acid metabolite 6-keto-PGF, a . 8 Furthermore, melittin increased cyclic GMP levels in mixed cultures and cocultures of endothelial and smooth muscle cells. 9 There is also considerable evidence suggesting that the endothelium-dependent relaxations may be mediated through cyclic GMP formation, since the relaxations are associated with elevated cyclic GMP levels within the smooth muscle (for a review see Rapoport and Murad 11 ) . Therefore, the purpose of the present study was to further investigate the mechanism of melittin-induced relaxation of vascular smooth muscle.
Materials and Methods

Relaxation Studies
Thoracic aortae were removed from rats (male, Sprague-Dawley, 240-330 g) and were cut into helical strips (approximately 2 mmxl cm). Some strips had their endothelium removed as previously described. 12 Strips were then mounted in organ baths containing Krebs-Ringer bicarbonate solution at 37° C, which was gassed with 95% O 2 -5% CO 2 and had the following millimolar composition: NaCl 118.5, KC1 4.74, MgSO 4 1.18, KH 2 PO< 1.18, CaCl 2 2.5, NaHCO 3 24.9, glucose 10. Resting tension of 0.8 g was maintained throughout the experiment. Tissues were allowed to equilibrate for at least 1.5 hours before the start of the experiments.
Strips were then contracted with 0.3 /xM norepinephrine, which was followed, in some experiments, by melittin and/or acetylcholine, the Ca 2+ ionophore A23187, histamine, trypsin, or sodium nitroprusside for the indicated times and concentrations. In other experiments, 10 mg melittin was incubated with 20 mg trypsin in 1 ml of water for 30 minutes at 37° C, which was followed by 100 mg soybean trypsin inhibitor (1.5 ml final volume) before addition to norepinephrine contracted strips. Other tissues were exposed to 10 /xM methylene blue or 10 /iM indomethacin for 30 minutes, or to 30 /AM nordihydroguaiaretic acid or 3 /xM parabromophenacyl bromide for 60 minutes, before norepinephrine. Results are expressed as percent relaxation of the contraction due to norepinephrine.
Cyclic GMP Measurements
Strips with or without endothelium were incubated at 37° C in flasks containing Krebs-Ringer bicarbonate solution continuously bubbled with 95% O 2 -5% CO 2 . Tissues were then treated for the indicated times and concentrations with the above agents or, in some cases, with the cyclic GMP phosphodiesterase inhibitor M&B 22948. Tissues were then frozen between clamps precooled in liquid nitrogen and cyclic GMP levels assayed as previously described. 12 Briefly, frozen tissues were homogenized in 6% trichloracetic acid and samples centrifuged. Supernatant fractions were extracted with ether and a portion of the extract acetylated and radioimmunoassayed for cyclic GMP. Protein was determined by the method of Lowry et al 13 using bovine serum albumin as standard. Results are expressed as mean±SEM. Significance was accepted at the 0.05 level of probability using Student's unpaired t test.
Scanning Electron Microscopy
Rat thoracic aortae were placed in Krebs-Ringer bicarbonate solution and then exposed or remained unexposed to melittin or polyarginine for the indicated times and concentrations. Tissues were then routinely processed for scanning electron microscopy as described previously. 14 Briefly, tissues were fixed in 2.5% glutaraldehyde, made in a 0.1 M cacodylate buffer (pH 7.3), for at least 4 hours. After several rinses in the buffer, they were dehydrated in a graduated series of alcohols for 10 minutes each, critical point dried using Freon 13, sputter coated with gold and palladium (60:40), and examined with a scanning electron microscope operating at accelerating voltage of 20 kV. Specimens were examined at a tilt of 45°.
Materials
Acetylcholine-HCl, histamine-HCl, indomethacin, melittin, nordihydroguaiaretic acid, /-norepinephrine-HCl, parabromophenacyl bromide, polyarginine (MW, 40 kDa), sodium nitroprusside, trypsin, and soybean trypsin inhibitor were obtained from Sigma Chemical, St. Louis, Missouri; the Ca 2+ ionophore A23187 was from Calbiochem; arachidonic acid sodium from Nu-Chek, and methylene blue from Allied Chemical. M&B 22948 was a gift of May and Baker, Ltd. Other materials were obtained as previously described. 12
Results
Melittin-induced Changes in Contractility
Melittin Strips were contracted with 0.3 fiM norepinephrine, and were then exposed to cumulative concentrations of acetylcholine. Tissues were then exposed to 10 fiM methylene blue, followed by 03 fiM norepinephrine and then 10 fig/ml melittin. Records shown in g and h were obtained from strips from the same aorta. Tracings of records are shown. and 44.1 ±1.8% (n=25) of the contractile response to norepinephrine, respectively (mean±SEM). Maximal relaxation to 10 /xg/ml melittin occurred at 28 ±2 seconds (n=25) after its addition (mean± SEM). Relaxations of 3.1 ±1.5% (/i=5) and 15.8 ±3.2% (n=5) of the contractile response to norepinephrine were induced 10 and 15 seconds after the addition of 10 /ig/ml melittin, respectively (mean±SEM). The higher concentrations of melittin caused relaxations which were followed by contractions ( Figures 1A, D , and F and 2B).
To test whether relaxations caused by melittin might, in fact, be due to a nonprotein contaminant, melittin was incubated with trypsin (2:1, by weight) for 30 minutes, followed by trypsin inhibitor (5:1, trypsin inhibitor:trypsin, by weight; see "Materials and Methods"). Addition of this solution to a tissue bath to yield 10 fig/m\ melittin had no effect on contractions caused by norepinephrine ( Figure 1C ). When trypsin was excluded from the above solution, the tissue relaxed ( Figure ID) , while the addition of a solution that contained only trypsin and trypsin inhibitor had no effect on the norepinephrine-induced contraction ( Figure IE) . Trypsin inhibitor was added to block the relaxant effects of trypsin. 13 Cloudiness developed upon addition of trypsin inhibitor to the solution that contained melittin and/or trypsin.
Effects of Inhibitors and Endothelial Cell Removal on Melittin-induced Changes in Contractility
Exposure to 10 ^.M of the cyclooxygenase inhibitor, indomethacin, did not alter the changes in the norepinephrine-induced contraction due to melittin ( Figure IF) . In contrast, nordihydroguaiaretic acid (30 fiM), an inhibitor of lipoxygenase, 1617 reduced the relaxations induced by 1 /ig/ml melittin to 1.8±1.8% (n=4) of the contractile response to norepinephrine (mean±SEM). The phospholipase A 2 inhibitor, parabromophenacyl bromide (3 /itM 18 ), also reduced the response to 10 jig/ml melittin to 3.5±1.8% (n=3) of the contractile response to norepinephrine (mean±SEM). Parabromophenacyl bromide itself induced a contraction of 0.37±0.04 g (n=3) (mean±SEM). . Effects of melittin on endothelium-dependent relaxation, a and b: A rat aortic strip was contracted with 0.3 iiM norepinephrine (NE) and then exposed to cumulative concentrations of acetylcholine. The strip was then contracted with 0.3 y.M NE and exposed to 10 fig/ml melittin which was followed by 10 fiM acetylcholine, 1 uM of the Ca 2 * ionophore A23187 and 0.1 and then 0.3 /xM sodium nitroprusside. Records shown in a and b were obtained from the same strip. c-f: A rat aortic strip was contracted with 0.3 fiM NE and then exposed to cumulative concentrations of acetylcholine (c). The tissue was then contracted with 0.3 fiM norepinephrine, followed by 1 \x,glml melittin and then cumulative concentrations of acetylcholine (d). Following contraction with 0.3 pM norepinephrine, the strip was again exposed to 1 figlml melittin (e) and then cumulative additions of acetylcholine, and then to 10 uglml melittin (f). g and h: A rat aortic strip was contracted with 0.3 fiM norepinephrine which was followed by 10 ixglml polyarginine, and then 1 and 10 yM acetylcholine. The strip was then washed three times over a 30 minute period, contracted with 0.3 fiM norepinephrine, and then exposed to 1 fiM acetylcholine, 10 fig/ml polyarginine, I mM histamine, 10 \x.M of the Ca 2+ ionophore, A23187, and I yM sodium nitroprusside. Tracings of records are shown.
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Removal of the endothelium inhibited both the melittin-induced relaxations and contractions ( Figure  IB ). Methylene blue (10 fiM), an inhibitor of guanylate cyclase activation, 19 prevented the relaxations caused by 10 /ng/ml melittin ( Figure 1G and H).
Effects of Melittin on Cyclic Nucleotide Levels
Cyclic GMP levels were elevated by 1 and 10 /ig/ ml melittin in a concentration-dependent manner ( Tables 1 and 2 ). The elevated levels of cyclic GMP due to 1 /xg/ml melittin were potentiated by the phosphodiesterase inhibitor, M&B 22948 (Table 1) . Cyclic AMP levels were only modestly elevated (less than twofold) by 10 /u,g/ml melittin (Table 2) , and this increase was not always significant ( Table  3 ). Removal of the endothelium prevented the elevated levels of cyclic GMP and cyclic AMP due to 10 /xg/ml melittin ( Table 4 ).
The levels of cyclic GMP reached a maximum within approximately 30 seconds after melittin exposure and after 5 minutes decreased to levels indistinguishable from those of tissues unexposed to melittin ( Table 2 ). The effects of melittin on basal levels of cyclic GMP were further investigated by exposing tissues with intact endothelium to 0.3 ^.M norepinephrine for 7.5 minutes, which was followed, in some tissues, by 10 /ug/ml melittin for 20 minutes. Tissues were then washed and allowed to Rat thoracic aortae remained unexposed or were exposed to 1 mM M&B 22948 for 30 minutes, which was followed by 0.3 /iM norepinephrine for 8 minutes. Some tissues were then exposed to 1 |ig/ml melittin for 5 minutes. Tissues were then frozen and assayed for cyclic GMP. Shown are values for mean±SEM (n).
'Significantly less than other tissues. tSignificantly greater than other tissues. Rat thoracic aortae were exposed to 0.3 /iM norepinephrine for 7.5 minutes followed, in some experiments, by 10 /ig/ml melittin for the times indicated above. Tissues were then frozen and assayed for cyclic nucleotides. Shown are values for mean±SEM (n). ND, not determined.
•Significantly greater than tissues unexposed to melittin.
rest for 60 minutes, and were then rechallenged with 0.3 /AM norepinephrine for 7.5 minutes. Basal levels of cyclic GMP of tissues that were previously exposed to 10 /Ag/ml melittin had basal levels of cyclic GMP that were less than those of tissues unexposed to melittin, although this difference was not significant (0.79±0.25 and 1.03±0.41 pmol/mg protein, respectively; mean±SEM, n=8 in each case). Methylene blue (10 /iM) inhibited the increased levels of cyclic GMP due to 10 ^.g/ml melittin (Table  3 ). Basal cyclic GMP levels were decreased by exposure to 10 /iM methylene blue, while basal tone was increased ( Figure 1H ). Cyclic AMP levels were not significantly elevated by melittin in this series of experiments (Table 3) .
Melittin-Induced Desensitization
The effects of melittin on relaxations to the endothelium-dependent vasodilators was then investigated. Relaxations to acetylcholine and to the Ca 2+ ionophore A23187 were reduced following exposure to melittin (Figure 2 ), while prior exposure to 10 /xg/ ml melittin abolished the relaxations to 10 /xg/ml trypsin (n=8) and reduced those to 1 mM histamine Rat thoracic aortae were exposed to 0.3 /iM norepinephrine for 7.5 minutes after pretreatment, in some experiments, with 10 /iM methylene blue for 15 minutes. Some tissues were then exposed to 10 /tg/ml melittin for 30 seconds. Tissues were then frozen and assayed for cyclic nucleotides. Shown are values for mean+SEM (n).
'Significantly less than other tissues. tSigniiicantly greater than other tissues.
(control relaxations to 1 mM histamine were 77.2±6.2% [n=4], while those of tissues previously exposed to 10 ^g/ml melittin were 5.1 ±1.1% [n=4] of the contractile response to 0.3 ^iM norepinephrine; mean±SEM). It should be noted that the desensitizing actions of melittin on the relaxations to acetylcholine were still present when melittin was washed from the tissue baths ( Figure 2C-F) .
The elevated levels of cyclic GMP due to acetylcholine were also inhibited in tissues previously exposed to melittin ( Table 5) . Prior exposure to 1 /xg/ml melittin also inhibited relaxations to melittin as shown in Figure 2D -F. Exposure to 0.1 /xg/ml melittin for 25 minutes followed by a wash also inhibited subsequent relaxations to 0.1 /xg/ml melittin (control relaxations to 0.1 /Ag/ml melittin were 8.8±2.5% [n=3] and subsequent relaxation of these tissues to 0.1 /ng/ml melittin were O.5±O.5% [n=3] of the contractile response to 0.3 nM norepinephrine).
In contrast to the inhibitory effects of melittin on endothelium-dependent relaxations, relaxations to sodium nitroprusside were enhanced in tissues exposed to melittin (Figure 3 ). Sodium nitroprussideinduced relaxations were also increased in tissues whose endothelium had been removed by rubbing as compared with tissue with intact endothelium (Figure 3) .
The effect of acetylcholine on relaxations to melittin was then investigated. Relaxations of 0.3 norepinephrine-contracted tissues induced by 1 acetylcholine returned to almost the level of the norepinephrine contraction observed before addition of acetylcholine after a 40-minute exposure to acetylcholine (relaxation of 3% of the contractile response to norepinephrine, n=2). Melittin (1 fig/ ml) added to these tissues in the presence of acetylcholine induced relaxation of 51% of the norepinephrine contractile response (n=2). Thus, exposure to acetylcholine did not desensitize tissues to melittin-induced relaxations.
We hypothesized that melittin might be destroying the endothelium and thereby inhibiting the relaxation and the associated elevated cyclic GMP levels due to the endothelium-dependent relaxants. Scanning elec- Rat thoracic aortae with and without endothelium were exposed to 0.3 /iM norepinephrine for 7.5 minutes followed, in some experiments, by 10 ng/m\ melittin for 30 seconds. Tissues were then frozen and assayed for cyclic nucleotides. Shown are values for mean±SEM (n).
•Significantly greater than other tissues. tSignificantly less than tissues unexposed to melittin with intact endothelium.
tron micrographs of the intimal surface of control rat aorta and aorta after exposure to melittin at different concentrations and for different times are shown in Figure 4 . The endothelial cells of the control tissue are clearly delineated by intercellular junctions forming fringes. The nuclei are slightly bulged and are centrally located. The surfaces of the bulged nuclei contain numerous microvilli ( Figure 4A ). After exposure to 1 Atg/ml melittin for 5 minutes, the endothelium was generally intact. However, occasional perforations were observed at the intercellular junctions ( Figure 4B ). Thirty minutes after exposure to 1 jig/ml melittin, the changes were similar to those seen after 5 minutes except the microvilli were thinly scattered over the surface and perforations over the nuclei of some cells were present ( Figure 4C) . After a 60-minute exposure to 1 /ig/ml melittin, the endothelial cell changes were extensive. The cells were separated at the cellular junctions and microvilli were diffusely distributed over the surface ( Figure 4D ).
After exposure to 10 /ig/ml melittin for 1 minute, the endothelial cells were generally intact except that minute perforations were observed over the nuclear region and the microvilli were significantly Rat thoracic aortae were exposed to 0.3 /iM norepinephrine for 7.5 minutes followed, in some experiments, by exposure to 10 Mg/ml melittin for 5 minutes and then 10 fiM acetylcholine for 0.5 minutes. Tissues were exposed to melittin for 5 minutes since levels of cyclic GMP had returned to basal following this period of exposure (see also Table 1 ). Tissues were then frozen and assayed for cyclic nucleotides. Shown are values for mean ±SEM (n).
•Significantly greater than other tissues. Figure 4E) . A 5-minute exposure to ml melittin caused extensive alterations of the endothelial cells. The cells were generally separated at the junctions and their surfaces were perforated. The microvilli were generally absent ( Figure 4F ). The endothelial cell damage due to exposure to 10 jig/ml melittin for 5 minutes was not reversible, since when cells were washed for 60 minutes after exposure to 10 fig/ml melittin for 5 minutes, the cells remained severely damaged ( Figure 4G ).
Polyarginine-Induced Relaxation and Desensitization
To test whether the changes in contractility and desensitization associated with melittin could also occur in response to other basic polypeptides, we investigated the effects of polyarginine. Polyarginine (10 jig/ml) induced a transient relaxation of rat aorta contracted with 0.3 fiM norepinephrine ( Figure 2G ). The relaxation was completely prevented by removal of the endothelium (n=2) or by pretreatment with 10 fiM methylene blue for 30 minutes («=3). Similar observations have been reported by others. 7 Relaxations to the endothelium-dependent vasodilators acetylcholine, polyarginine, and histamine and to the Ca 2+ ionophore A23187 were abolished after exposure to 10 /ig/ml polyarginine for 60 minutes (Figure 2G and H) . The tissues still relaxed in response to sodium nitroprusside. Contractile responses to norepinephrine were reduced after exposure to 10 /ig/ml polyarginine and subsequent wash of the tissues over a 30-minute period ( Figure  2H ). The contractile responses, but not the endothelium-dependent relaxations, returned after washing over a 3-hour period (data not shown).
To test whether the desensitization to the endothelium-dependent vasodilators following exposure to polyarginine might be due to damage to the endothelial cells, we investigated the effects of polyarginine on endothelial cell integrity. Exposure to 10 /ig/ml polyarginine for 60 minutes caused damage to the endothelial cells in a manner similar to exposure to melittin ( Figure 4H ). The cellular integrity of the endothelial cells was lost and the cellular surfaces contained numerous perforations. Microvilli appeared to be absent or indistinct.
Effects of Arachidonic Acid on Cyclic Nucleotide Levels
Since melittin has been demonstrated to activate phospholipase A 2 and/or release arachidonic acid, 4 -6 we investigated whether the ability of melittin to elevate cyclic GMP levels might be due to release of arachidonic acid. Arachidonic acid (0.1 mM) in the presence or absence of indomethacin had no significant effect on basal cyclic GMP levels (Tables 6  and 7 ). Cyclic AMP levels were increased less than twofold by arachidonic acid (Table 6) , and this increase was not always significant (data not shown).
Discussion
The present results suggest that relaxations induced by melittin, as well as those to the polycation, polyarginine, are mediated through an endothelium-dependent mechanism that elevates cyclic GMP levels within the smooth muscle. 21112 Evidence in support of this hypothesis is that removal of the endothelium abolished relaxations and/or the associated increased cyclic GMP levels due to these polypeptides in rat aorta. Others have also demonstrated that melittin-and/or polyarginineinduced relaxations of rabbit or rat aorta were dependent on the presence of the endothelium 7 -10 and increased cyclic GMP levels in mixed cultures and cocultures of endothelial cells and smooth muscle cells. 9 Furthermore, exposure to the guanylate cyclase inhibitor methylene blue or to the lipoxygenase inhibitor nordihydroguaiaretic acid prevented the melittin-induced relaxations and/or the associated elevated cyclic GMP levels. Melittin also elevated cyclic AMP levels, although the role that cyclic AMP may play in the relaxation is probably minor compared with that of cyclic GMP since methylene blue abolished relaxations to melittin. In support of this interpretation are the observations that methylene blue is without effect on isoproterenol-induced relaxations in rabbit aorta. 20 The nature and number of endothelium-derived relaxing factors remain controversial. It has been suggested that the endothelium-derived relaxing factor may be nitric oxide, 2122 although this hypothesis has been challenged. 23 There is recent evidence which supports the hypothesis that activation of endothelial cell phospholipase A 2 may be involved in the formation of an endothelium-derived relaxing factor. 24 The mechanism by which melittin releases an endothelium-derived relaxant factoids) may be due to its ability to increase intracellular Ca 2+ levels, 2526 possibly through Ca 2+ -dependent activation of phospholipase A 2 .*~6 This suggestion is supported by the observations that phospholipase A 2 inhibitors, including mepacrine and parabromophenacyl bromide, blocked melittin-induced relaxations (present results and References 7-9). However, it should be noted that the phospholipase A 2 inhibitors may possess nonspecific properties. An earlier proposal suggested that a free fatty acid, such as arachidonic acid, might be released as a result of activation of phospholipase A 2 and serve as a precursor to the endothelium-derived relaxant factor. 2 Indeed, others have demonstrated that exposure of rabbit aorta with intact endothelium to melittin caused the formation of the arachidonic acid metabolite 6-keto-PGF, a . 8 Removal of the endothelium by rubbing reduced the amount of 6keto-PGF, a . However, in contrast to results obtained in bovine intrapulmonary artery, 27 we were unable Rat thoracic aortae were exposed to 0.3 fiM norcpinephrine for 7.5 minutes followed, in some experiments, by 0.1 mM arachidonic acid for the times indicated above. Tissues were then frozen and assayed for cyclic nucleotides. Shown are values for mean±SEM (n).
•Significantly greater than tissues unexposed to arachidonic acid.
to demonstrate an increase in cyclic GMP levels caused by arachidonic acid in the presence or absence of indomethacin. Forstermann and Neufang 8 observed that arachidonic acid was a weak relaxant of rabbit aorta and suggested that exogenous arachidonic acid, in contrast to endogenous arachidonic acid, might not reach its site of metabolism. Whether this explanation accounts for the inability of arachidonic acid to elevate cyclic GMP levels in rat aorta remains to be investigated. In any case, the mechanism by which melittin induces endothelium-dependent relaxation appears to be Rat thoracic aortae were exposed to 0.3 /iM norepinephrine for 6 minutes after, in some experiments, exposure to 10 /iM indomethacin for 30 minutes. Additional tissues were exposed to 0.1 mM arachidonic acid for 1 minute. Shown are values for mean±SEM (/»). and rabbit aorta. 8 Again, however, caution must be used in interpreting the results with nordihydroguaiaretic acid, and other lypoxygenase inhibitors, due to potential nonspecific effects of these agents (see, for example, Forstermann and Neufang 8 ).
The present results also demonstrate that exposure to melittin or polyarginine desensitized the tissues to the relaxant actions of endotheliumdependent vasodilators, including melittin and polyarginine, and the associated increased levels of cyclic GMP. In contrast, relaxations to sodium nitroprusside were enhanced in tissues exposed to melittin or rubbed in order to remove the endothelium. Others have demonstrated enhanced relaxations to nitrovasodilators in several vascular tissues denuded of endothelium, including rat aorta. 29 -31 The mechanism that underlies the desensitization, as well as the increased sensitivity to the nitrovasodilators, may be due to the lytic actions of melittin 36 and polyarginine. Lysis of the endothelial cells was presently shown in the electron microscopic studies. Interestingly, protamine (100 /ig/ml; Sigma catalogue No. P388O), a basic polypeptide found in salmon sperm that is used to neutralize the anticoagulant activity of heparin, induced variable amounts of relaxation of the rat aorta and had little effect on endothelial cell integrity and relaxation due to acetylcholine (R.M. Rapoport and M. Ashraf, unpublished observation). Therefore, the ability of basic polypeptides to induce endotheliumdependent relaxation and lysis of endothelial cells may require certain amino acid sequences. This hypothesis needs to be investigated further.
The endothelial cell lysis due to melittin and polyarginine may also account for the transient nature of the relaxations, since there was a qualitative temporal relation between the degree of endothelial cell damage and the magnitude of relaxation. Furthermore, endothelial cell lysis may provide an explanation for the increased magnitude and duration of relaxation induced by 1 /tg/ml as compared with 10 /Ltg/ml melittin, since the endothelial cells were more rapidly lysed at the higher concentration of melittin. In this regard, relaxations elicited in response to 6.7 /Ag/ml melittin were apparently less than those induced by 3.3 ptg/ml melittin in rabbit aorta. 8 Pretreatment of tissues with melittin did not decrease subsequent contractile responses to norepinephrine, which suggests that melittin did not inhibit the contractile properties of the smooth muscle cells. In fact, the EC M of the norepinephrine concentration-contraction curve was shifted approximately twofold to the left following exposure of the intact rat aorta to 10 ptg/ml melittin, or following removal of the endothelium by rubbing the intimal surface, as compared to the norepinephrine EC M determined in intact tissue (R.M. Rapoport, unpublished observation). Others have also observed that removal of the endothelium from the rat aorta shifted the concentration response curve to norepinephrine to the left. 3233 The apparent lack of functional inhibitory effect of melittin on the smooth muscle cells may be due to the limited access of melittin to these cells, although this suggestion awaits further investigation.
High concentrations of melittin added in the presence of norepinephrine also enhanced the norepinephrine contractions, as has been previously shown in rabbit aorta. 8 A number of possibilities may explain the enhanced norepinephrine contractions observed during exposure to melittin, including the release of an endothelium-derived constricting factor, the prevention of the possible norepinephrine-induced release of an endotheliumderived relaxing factor, and the removal of spontaneously released endothelium-derived relaxing factor. The latter possibility would result in increased basal tone and enhanced agonist responsiveness (for a review, see Rapoport and Murad"). These explanations await further investigation.
